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Abstract

Selection of plant cultivars tolerant of low nutrient supply may increase productivity on low fertility
soils and reduce fertilizer requirements. Considerable effort has been directed towards identifying
‘nutrient efficient’ species and germplasms, but the many different definitions for efficiency make the
use of the term ambiguous. The concept of nutrient efficiency was evaluated using data from a study of
differences in germplasm response to phosphorus (P) availability in white clover (Trifolium repens L.)
and alfalfa (Medicago sativa L.y grown in a sand-alumina culture. Application of various criteria
identified in the literature as measures of nutrient efficiency did not clarify differences between
purportedly P efficient and inefficient germplasms. Germplasms differed in maximum shoot and total
dry mass and in solution P concentration required to achieve 80% maximum yield, but not in tissue P
concentration, internal P utilization, or P uptake per unit of fine root dry mass. Differences may have
resulted from factors other than efficient use of available P. To reduce the confounding effects that
other factors have on nutrient efficiency, we propose that equivalent yields of germplasms be
demonstrated where nutrients are pot limiting. Mechanisms that enable enhanced nutrient efficiency
can be identified less ambiguously using this improved approach.

Introduction . . .
vironment has been investigated for decades

(Lyness, 1936; Godwin and Blair, 1991) and is
the subject of many reviews (Blair, 1993, Ger-
loff, 1976; Gerloff and Gabelman, 1983; Glass,
1989; Saric, 1982). The term ‘nutrient efficiency’
has been used widely as a measure of the
capacity of a plant to acquire and utilize nu-
trients for production of timber, crops or for-
ages. Definitions of nutrient efficiency vary
*Joint contribution of the Minnesota Agricultural Ex- greatly (Clz.lrk’ 1?90) .however’ and in sqme cases
perimental Station, USDA-ARS and US Dairy Forage Re- M@y be misleading in the quest for increased
search Center (Minnesota cluster). Paper No. 20,432 of the productivity and identification of mechanisms for
Minnesota Science Journal Series. enhanced nutrient acquisition and utilization.

Exploiting genetic diversity of plants for en-
hanced productivity in low fertility soils is a
desirable, if not an essential, goal, in order to
meet food demands for an increasing world
population. Diversity among germplasms in the
ability to acquire plant nutrients from the en-
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Definitions of nutrient efficiency generally can
be divided into those emphasizing productivity
and those emphasizing the internal nutrient
requirement of the plant. With regard to yield
parameters, nutrient efficiency has been defined
as the ability to produce a high plant yield in a
soil, or other media, that would otherwise limit
the production of a standard line (Buso and
Bliss, 1988; Graham, 1984). Other definitions of
nutrient efficiency, also referred to as ‘agronomic
efficiency’, include plant production of shoots, or
harvestable product, per unit of nutrient applied
(Blair and Cordero, 1978; Caradus, 1990; Moll
et al., 1987; Saric, 1982; Sauerbeck and Helal,
1990), or ‘external P requirement’, the amount
of nutrient in the media required to achieve a
given percentage of maximum yield (Fohse et
al., 1988; Fox, 1981; Spencer et al., 1980). Yield
response per unit of added nutrient has been
used also as a measure of nutrient efficiency
(Baligar et al., 1990; Blair, 1993; Thung, 1988).

Alternatively, nutrient efficiency emphasizing
utilization is generally defined as total plant
biomass produced per unit nutrient absorbed,
which is equivalent to the reciprocal of nutrient
concentration in the entire plant. This often is
called the ‘nutrient efficiency ratio’ and has been
used extensively to describe the internal nutrient
requirement in many agronomic species (Baligar
et al., 1990; Coltman et al., 1985; Elliott and
Lauchli, 1985; Gerloff and Gabelman, 1983;
Glass, 1989; Godwin and Blair, 1991; McLach-
lan, 1976), and also in forest species (Prescott et
al., 1989). Using this definition, selection for
increased P tissue concentration in alfalfa shoots
in an attempt to overcome P nutrition limitations
in cattle (Miller et al., 1987), resulted in selec-
tion of P inefficient germplasms. Some research-
ers have used the amount of harvestable prod-
uct, rather than total plant biomass, per unit of
nutrient absorbed (Blair and Cordero, 1978;
Buso and Bliss, 1988; Moll et al., 1987).

Siddiqi and Glass (1981) argued that the
reciprocal of nutrient concentration does not
consider the yield of the crop. They suggested
that a more appropriate measure of nutrient
efficiency is the product of yield times the
reciprocal of nutrient concentration, which they
termed ‘utilization efficiency’. Other researchers
have used ‘uptake efficiency’, defined as nutrient

uptake per unit root length, surface area, or
weight, as measures of nutrient efficiency (Blair
and Cordero, 1978; Buso and Bliss, 1988;
Coltman et al., 1985; Elliott and Lauchli, 1985).

Identification of germplasms or species with
differing nutrient efficiencies, by whatever defini-
tion, generally includes investigation of potential
morphological, physiological, and biochemical
mechanisms involved. These mechanisms have
been well reviewed (Caradus, 1990; Clarkson
and Hanson, 1980; Sauerbeck and Helal, 1988).
However, it is often difficult to separate cause
from effect when evaluating potential mecha-
nisms of efficient nutrient uptake and utilization.
For example, a cultivar with a larger root system
is likely to accumulate a greater amount of P and
achieve greater yields than a cultivar with a
smaller root system (Barber, 1984), but a low
cytokinin to auxin ratio may be the reason for
the larger root system (Wilkins, 1984). In some
cases, specific mechanisms of nutrient uptake
have been correlated with plant growth rates.
These include rate of nutrient uptake across cell
membranes, exudation of organic compounds
from the roots and induced pH changes of the
rhizosphere, both of which may increase nutrient
availability, and the incidence of vescicular-ar-
buscular mycorrhizal associations (Caradus,
1990; Glass, 1989).

The close relationship between root and shoot
activities may mean that differences in yield or
nutrient accumulation by plants, resulting from
differences in metabolic activity, are incorrectly
attributed to differences in root morphology and
function. To overcome this problem, Gerloff and
Gabelman (1983) proposed that germplasms
differing in yields under nutrient stress could
only be designated efficient or inefficient if they
are normal in appearance and have similar yields
when an optimal amount of the nutrient is
available (Fig.1). This constraint has not been
widely adopted by researchers and comparisons
of nutrient efficiency are often made among
species and cultivars with markedly different
genetic potentials.

The objectives of this study were: (1) to
compare two germplasms of the forage legumes
alfalfa and white clover over a range of P rates,
using five commonly used definitions of nutrient
efficiency; and (2) to recommend appropriate
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Fig. 1. Hypothetical yield response curves of three germ-
plasms differing in nutrient efficiency and yield potential.

criteria by which efficient and inefficient germ-
plasms can be separated, so that mechanisms
which enable enhanced nutrient efficiency can be
identified and evaluated less ambiguously.

Methods and materials
Growth conditions

Comparisons were made between two alfalfa
germplasms, a ‘low P tolerant’ (EG2) and ‘low P
intolerant’ (IG2) second generation progeny of
‘Rangelander’, sclected in nutrient solution
(Sain, 1990), and two white clover cultivars,
which were purportedly P efficient (Gandalf)
and moderately efficient (Huia) (J.R. Caradus,
pers. comm.). Plants were grown in sand-
alumina media (Gourley et al., 1993b) with
steady-state solution P concentrations of 0, 2.9,
6.9, 40 and 88 uM. Sixteen surface-sterilized and
germinated seeds of each germplasm were sown
in 3kg of the sand-alumina media placed in
15cm diam. black polyvinylchloride pots and
later thinned to four plants per pot. Seedlings
were inoculated 5d after sowing with appro-
priate strains of Rhizobium grown on yeast
extract mannitol medium. Each genotype and
solution [P] treatment was replicated three
times. Pots were watered daily with either 250 or
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500 mL of nutrient solution containing: (mM)
375K, 1Mg, 2Ca, 4.5S, 0.128 Na, 0.49N (as
NO;), 079Cl; and (uM) 68Fe (as
Fe’"EDTA), 33 B, 7.4 Mn, 0.94 Zn, 1.5 Mo, and
1 Cu. Solution pH was adjusted to 6.5 with 0.1 M
NaOH. Plants were grown in a glasshouse with
supplementary lighting provided by high-pres-
sure sodium bulbs (185 to 380 wmol photons m ™~
s') on a 14/10-h day/night cycle and daytime
air temperatures of about 27 °C, for 52 days.
At harvest plants were carefully removed from
the sand-alumina and separated into herbage,
fine roots (<2 mm diam.), and coarse roots (>
2mm diam.). Plant tissue was dried at 65°C,
weighed, and ground. Phosphorus concentra-
tions of tissue were determined by the van-
adomolybdate yellow method (Jackson, 1958),
after digestion with H,SO, and 30% H,O,
(Thomas et al., 1967). Phosphorus concentration
per unit total plant dry mass was calculated from
vields and [P] of the different plant parts.

P efficiency indexes

The measures of P efficiency used in this study to
assess differences between germplasms were
shoot dry mass response curves, external P
requirements, P efficiency ratios, P utilization
efficiencies, and P uptake efficiencies.

Shoot dry mass response curves for each
germplasm were derived from the relationship
between shoot dry mass (g pot ') and solution P
(nM), using the Michaelis-Menten equation:

Shoot dry mass = (@ X solution[P])/
(B + solution[P])

where @ and B were estimates of maximum
shoot dry mass and solution [P] at half maximum
shoot dry mass, respectively. Of several regres-
sion models, this equation provided the best fit
of our data (Gourley et al., 1993a). Derived
regression models for each germplasm were
tested for invariance (Ratkowsky, 1983) to de-
termine whether the two response curves were
significantly different ( p <0.05). The external P
requirement of the four germplasms was de-
termined as the solution [P] required to produce
80% of predicted maximum shoot dry mass
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(Fohse et al., 1988) using the derived response
curve for each germplasm. The selection of 80%
rather than the more commonly used 95% value
of maximum shoot dry mass enables differences
in solution [P] between the germplasms to be
more easily determined.

The following measures of P efficiency were
determined at P concentrations of 2.9, 6.9, 40
and 88 uM. Total P accumulation was calculated
from total plant dry mass and tissue [P]. Phos-
phorus efficiency ratio was calculated as total
plant dry mass divided by total P accumulation
(Gerloff and Gabelman, 1983). Phosphorus utili-
zation efficiency was calculated as total plant dry
mass divided by tissue [P] (Siddiqi and Glass,
1981). Phosphorus uptake efficiency (Elliott and
Lauchli, 1985) was calculated from total P ac-
cumulation divided by fine root dry mass. Fine
root dry mass was used rather than total root dry
mass because of the greater contribution of fine
roots to P uptake (Barber, 1984). Phosphorus
concentration of tissue, efficiency ratios, utiliza-
tion efficiencies, and uptake efficiencies were
analyzed by one-way analysis of variance at P
concentrations of 2.9, 6.9, 40, and 88 uM to
determine statistical differences between germ-
plasms (p <0.05). All statistical analyses were
carried out using the computer program ‘Systat’
(Wilkinson, 1989).

Results

The response curves of shoot dry mass and
solution [P] were significantly different (p <
0.01) for the alfalfa germplasms EG2 and 1G2,
and the white clover cultivars Gandalf and Huia
(Fig.2). EG2 had a predicted maximum shoot
yield of 4.40 g/pot compared with 3.17 g/pot for
IG2. Gandalf had a predicted maximum shoot
yield of 4.43 g/pot compared with 2.14 g/pot for
Huia. Response curves for total plant dry mass
and solution [P] were also significantly different
{p <0.01), with predicted maximum total plant
dry mass of 5.78 and 3.99 g/pot for EG2 and 1G2
and 5.60 and 2.80 g/pot and for Gandalf and
Huia, respectively. External P requirement to
produce 80% of predicted maximum shoot dry
mass was 19 and 32 uM for EG2 and IG2, and
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Fig. 2. Shoot dry mass response curves for alfalfa and white
clover germplasms over a range of solution P concentrations.

15 and 29 uM for Huia and Gandalf, respective-
ly (Fig. 2).

Plant tissue [P] increased with increasing solu-
tion [P], with white clover germplasms having a
much higher tissue [P] than the alfalfa germ-
plasms at equivalent solution [P} (Fig. 3). There
were no differences in tissue [P] between EG2
and IG2 at any solution [P]. The tissue [P] of
Huia was significantly higher than Gandalf at the
highest solution [P] of 88 uM, but there were no
differences at lower P levels (Fig. 3). At solution
concentrations of 40 and 88 uMP, both white
clover germplasms had clearly achieved maxi-
mum yields (Fig.2), and it appeared that Huia
was accumulating luxury levels of P in plant
tissue at the higher solution [P].

Because P efficiency ratio (g DM mg~' P) is
equivalent to the reciprocal of tissue [P], differ-
ences in P efficiency ratio between germplasms
corresponded to differences in tissue [P]. Phos-
phorus efficiency ratio declined with increasing
solution P concentrations, indicating a decline in
the internal utilization of P to produce dry mass
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(Fig. 3). Calculated phosphorus efficiency ratios
for EG2 and IG2 were not significantly different
at any solution {P], and Gandalf had a sig-
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Fig. 3. Plant P concentration, phosphorus efficiency ratios, utilization efficiency and uptake efficiency for alfalfa and white clover
germplasms over a range of solution P concentrations. An asterisk indicates that cultivars were significantly different at that
solution P concentration (p <0.05). Error bars show SD of the mean.

nificantly higher P efficiency ratio than Huia only
at the highest solution [P] (Fig. 3). The ratio of
shoot dry mass to total P accumulation provided
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parallel results to P efficiency ratio (data not
shown).

Utilization efficiency, equal to total dry mass
per tissue [P] (with the unusual units of g DM?
mg ' P), was not significantly different between
EG2 and IG2 at any solution [P], despite the
trend apparent in Figure 3. There were large
standard deviations associated with the mean
utilization efficiency value for the alfalfa germ-
plasms. The white clover cultivar Gandalf had a
significantly higher utilization efficiency than
Huia at solution [P] of 6.9 uM and above
(Fig. 3).

Phosphorus uptake efficiency was calculated as
total P accumulation divided by fine root dry
mass, which provides an average value inte-
grated over the entire plant growth period.
There were no significant differences between
EG2 and IG2, or between Gandalf and Huia in
P uptake efficiency (Fig. 3), indicating that the
roots of each germplasm had a similar ability to
absorb P from the solution.

Discussion

Comparison of different definitions of nutrient
efficiency

These results indicate that different measures of
nutrient efficiency can be obtained from the
same experimental data, and supports the con-
clusions of others that ranking species and germ-
plasms for nutrient efficiency can vary according
to the definition used (Blair and Cordero, 1978;
Fohse et al., 1988; Kemp and Blair, 1991;
McLachlan, 1976; Siddiqi and Glass, 1981).
Measuring nutrient efficiency in terms of rela-
tive yield (in this case, shoot dry mass) at low P
levels, or yield per unit of available P, suggests
that EG2 was more P efficient than 1G2, and
Gandalf was more efficient than Huia. Another
yield-based definition, external P requirement,
also indicated that EG2 required less solution [P]
to achieve 80% of maximum yield than IG2 and
was therefore more efficient than IG2, but in
contrast indicated that Huia was more efficient
than Gandalf. Both these approaches require
that a well defined response curve for each
germplasm has been determined so that a maxi-

mum yield and the rate at which the maximum is
achieved can be estimated. This can be assessed
accurately only over a wide range of available
nutrient, with several data points at lower con-
centrations to accurately define the shape and
slope of the response curve, and with a highest
rate equal to or greater than that required to
achieve a maximum response. In retrospect, our
experiment could have been improved by the
addition of several intermediate solution P con-
centrations (Fox et al. 1986).

Calculations of P efficiency ratio indicated
little difference in P efficiency between EG2 and
IG2, or between Gandalf and Huia, due to the
very similar tissue [P] values of the germplasms.
The difference in P efficiency ratio at 88 uM P

‘between Huia and Gandalf is unlikely to be

important as differences are most beneficial at
low levels of available P (Gerloff and Gabelman,
1983) and is most likely due to luxury uptake of
P by Huia. The similarity in tissue [P] within the
two alfalfa and two white clover germplasms in
this experiment also means that differences in P
utilization efficiency were largely due to differ-
ences in yields.

The higher yielding germplasms had higher
fine root dry mass and also higher total P
accumulation than the lower yielding germ-
plasms, which resulted in similar P uptake ef-
ficiencies between the germplasms assessed in
this study. Greater P accumulation by EG2 and
Gandalf was most likely a result of a larger root
surface area for P absorption (Barber, 1984;
Clarkson and Hanson, 1980). Differences in root
hair characteristics between germplasms are un-
likely, as there were no differences in root hair
density and length between EG2 and IG2, or
between Huia and Galdalf, when grown in a low
P soil (Gourley, 1993a). The slightly higher P
uptake efficiency of EG2 at all solution [P]
(Fig. 3) may have resulted from its faster growth
rate (Glass, 1989), although Huia also appeared
to have a slightly higher P uptake efficiency at
88 uM P but had substantially lower yields than
Gandalf.

In summary, the alfalfa germplasm EG2 was
significantly more P efficient than IG2 when
efficiency was defined as shoot yield or external
P requirement, but there was no difference in P
efficiency ratio, P utilization efficiency, and P



uptake efficiency between the germplasms. The
white clover cultivar Gandalf was more P effi-
cient than Huia, when efficiency was defined as
shoot yield or P utilization efficiency, but Huia
had a greater P efficiency than Galdalf based on
external P requirement. There was no difference
between Gandalf and Huia in P efficiency ratio
or P uptake efficiency.

Criteria for determining nutrient efficient
germplasms

Screening germplasms for shoot dry mass or
harvestable product in low P conditions may
provide the best estimate of productivity in low P
soils, and Gandalf and EG2 would therefore be
the preferred germplasms over Huia and 1G2.
However, before germplasms can be categorized
as ‘P efficient’ or ‘P inefficient’, it is important to
identify whether the superior performance in low
P conditions results from one or more specific
mechanisms associated with P accumulation or
utilization. Many plant metabolic activities, such
as phytohormone production, photosynthetic
rate, photoperiodism, and production of ATP,
can increase nutrient uptake and utilization by
influencing root morphology and function (Wil-
kins, 1984). A greater overall genetic potential,
regardless of the mechanism, is likely to result in
higher yields independent of nutrient availability.
In order to reduce the likelihood that differ-
ences in nutrient uptake are due to factors other
than those mechanisms specifically associated
with nutrient acquisition and utilization, it is
essential that germplasms achieve similar yields
when optimum amounts of the nutrient are
available (Fig.1). Differences in nutrient ef-
ficiency then can be related to the rates at which
the maxima are achieved; therefore well defined
response curves are required for differences to
be determined. Two of the previously discussed
definitions, yield at low nutrient availability and
external nutrient concentration required to
achieve a percentage of maximum vyield, both
enable the designation of efficient and inefficient
germplasms, as long as similar yield maxima are
obtained. If the same maximum yield is not
achieved, factors other than the nutrient under
study are likely to be influencing plant growth.
Only when the two criteria of (a) equal yield at

Defining plant nutrient efficiency 35

non-limiting nutrient availability and (b) differ-
ences in the rate at which maximum yields are
achieved, are met, is it appropriate to consider
the mechanisms involved in nutrient uptake and
acquisition. A truely efficient germplasm could
require less nutrient than an inefficient germ-
plasm for normal metabolic processes. The use
of nutrient efficiency ratios may therefore indi-
cate a potential mechanism for enhanced nu-
trient efficiency. For example, Gerloff (1976)
attributed greater efficiency ratios to greater
yields of field beans (Phaseolus vulgaris L.) at
low concentrations of K, as opposed to greater K
uptake. The calculation of utilization efficiency
includes, however, both yield and plant nutrient
concentration, and is likely to complicate the
identification of potential mechanisms associated
with enhanced nutrient efficiency. Differences
among germplasms in nutrient uptake per unit
root dry mass or length, or differences in root
morphological characteristics such as shoot:root
ratio or root fineness, may also indicate mecha-
nisms for increased nutrient acquisition at low
nutrient availabilities (Caradus, 1990}, but do
not by themselves identify nutrient efficient or
inefficient germplasms.

An example of a specific mechanism that
increases P efficiency was provided by Bolan et
al. (1983). Formation of vesicular-arbuscular
mycorrhizal association with subterranean clover
(Trifolium subterraneum L.) increased the ef-
ficiency of P uptake and yields at low levels of P
while similar yields are obtained between inocu-
lated and uninoculated plants when adequate P
is available (Fig. 4).

Our results and those from cited literature
clearly indicate the importance of establishing
sound criteria before designating plant germ-
plasms as nutrient efficient or inefficient and
before associating efficiency with particular phys-
iological and morphological characteristics. Simi-
lar yields at non-limiting nutrient availability
should reduce the possibility that differences in
nutrient uptake are due to factors other than
those associated with nutrient efficiency. The
germplasms assessed in this study should not be
described as differing in P efficiency because
they differed in maximum yields when P supply
was non-limiting. The germplasms are better
characterized as superior (EG2 and Gandalf)
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Fig. 4. Example of mechanism which increases phosphorus
efficiency. Shoot dry mass response curves for subterranean
clover with or without inoculation with mycorrhizae. From
Bolan et al. 1983, Fig. 1b.

and inferior (IG2 and Huia) under the growing
conditions of this experiment.
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